Objective-Iron is essential for triggering oligodendrocytes to myelinate, however, in gray matter (GM) iron increases with age and is associated with age-related degenerative brain diseases. Women have lower iron levels than men, both in the periphery and in the brain, particularly in white matter (WM), possibly due to iron loss through menstruation. We tested the hypothesis that hysterectomy could increase WM iron levels.
Introduction
Iron is essential for cell function and is a key requirement for myelination (Sow et al., 2006) , however, increased tissue iron can promote tissue oxidative damage to which the brain is especially vulnerable (Zecca et al., 2004) . In the human brain, age-related increases in iron contribute to the development of proteinopathies (abnormal deposits of proteins) associated with several prevalent degenerative brain diseases such as Alzheimer's disease (AD), Parkinson's disease (PD), and Dementia with Lewy Bodies (DLB) (Bush, 2003; Ke and Ming Qian, 2003; Turnbull et al., 2003) (reviewed in Bartzokis, 2004 Bartzokis, , 2011 Kell, 2009; Zecca et al., 2004) . Iron levels are abnormally elevated in gray matter (GM) of these neurodegenerative diseases, suggesting that increased iron levels may be a risk-factor (Bartzokis et al., 1993; Bartzokis, 2011) as well as impact their age at onset, especially in males (Barker et al., 2002; Bartzokis et al., 1999; Bartzokis et al., 2004b; Miech et al., 2002; Raber et al., 2004) .
A previous study by our research group identified brain iron differences between men and women, reporting that as is the case in peripheral measures of ferritin and iron (Fleming et al., 2001; Whitfield et al., 2003) , women have lower brain ferritin iron levels than men (Bartzokis et al., 2007b) . The gender differences in brain iron were most prominent in all three white matter (WM) regions assessed, which had different levels of iron: frontal lobe WM (FWM) > genu of corpus callosum WM (GWM) > splenium of corpus callosum WM (SWM). In normal WM, oligodendrocytes are the predominant cell type and contain the highest levels of iron of any brain cell (reviewed in Todorich et al., 2009) . Iron levels in WM regions are very likely reflective of oligodendrocytes and their myelin since, unlike GM, the number of other cells (astrocytes and microglia) is minimal in WM (Peters and Sethares, 2002) and axonal iron levels are very low (Quintana et al., 2006; Zhang et al., 2005) . High iron levels are essential for oligodendrocytes to proceed with myelination and later-myelinating white matter regions such as FWM contain higher levels of myelin and iron than earlier-myelinating regions (Bartzokis et al., 2007b) .
In the context of evidence that brain iron is responsive to peripheral iron status (Borten et al., 2004; Pinero et al., 2000) (for review see Beard and Connor, 2003) , the gender-related differences in peripheral (Fleming et al., 2001; Whitfield et al., 2003 ) and brain (Bartzokis et al., 2007b) iron suggest that lower peripheral iron levels could in turn reduce brain iron levels. This possibility, first noted by Hallgren and Sourander (Hallgren and Sourander, 1958) , was based on their anecdotal observations made during their landmark post mortem study of human nonheme brain iron. They observed that subjects with known hemorrhages or severe anemia ante mortem had lower brain iron levels as measured post mortem, and suggested that brain iron may be mobilized for metabolic needs outside the brain (Hallgren and Sourander, 1958) .
Menstruation reduces peripheral iron levels in premenopausal women and may contribute to the previously observed gender differences in brain iron (Bartzokis et al., 2007b; Fleming et al., 2001; Whitfield et al., 2003) . We investigated a possible source of those gender differences in brain iron indirectly by examining the effect of premature cessation of menstrual blood loss through hysterectomy. We compared postmenopausal women who underwent hysterectomy with those who did not. We hypothesized that WM regions and especially FWM, which myelinates later and achieves the highest density of oligodendrocytes and iron, may be most impacted by increased iron levels expected from hysterectomy (Brett, 2005; Howard et al., 2005) .
Hysterectomy is the most common nonobstetrical surgery among women in the United States (Kozak et al., 2004) , with one in three women in the United States having had a hysterectomy by age 60. According to estimates, 50% also involve "bilateral oophorectomy," the surgical removal of both ovaries (Lepine et al., 1997) . Hysterectomy will result in the cessation of menses if the uterus is removed, whether or not one or both ovaries are removed (Brett, 2005) . However, if one or both ovaries are not removed during hysterectomy, a potential endogenous source of sex hormones may remain.
Brain iron levels can be measured in vivo using magnetic resonance imaging (MRI) through the effect of iron on transverse relaxation rates (R2) (Bartzokis et al., 1993; Vymazal et al., 1996a) . The bulk of brain iron is stored in ferritin molecules (Floyd and Carney, 1993; Morris et al., 1992) and an in vivo MRI method called field-dependent R2 increase (FDRI) can obtain specific measures of the iron content of ferritin molecules (ferritin iron) (Bartzokis et al., 1993) . The method takes advantage of the fact that ferritin iron increases R2 linearly with the field strength of the MRI instrument to produce a highly specific and reproducible measure of this tissue iron store (Bartzokis et al., 1993) . Briefly, FDRI is the difference in measures of brain R2 obtained with two different field-strength MRI instruments. In the presence of ferritin, R2 increases with increasing magnetic field-strength (Bartzokis et al., 1993; Vymazal et al., 1996a; Vymazal et al., 1996b) . This field-dependent R2 increase is specifically associated with the total iron contained in ferritin molecules (Bartzokis et al., 1993; Vymazal et al., 1996a) and has been shown to be independent of the amount of iron loading (number of iron atoms per molecule of ferritin) (Vymazal et al., 1996b) and to increase linearly with field-strength (Bartzokis et al., 1993; Vymazal et al., 1996a; Vymazal et al., 1996b) . Thus, FDRI is a specific measure of the total iron contained in ferric oxyhydroxide particles that form the mineral core of ferritin molecules. In human tissue, ferritin and its breakdown product (hemosiderin) are the only known physiologic sources of such particles (Bartzokis et al., 1993; Bulte et al., 1997; Vymazal et al., 1996a) . The FDRI measure will therefore be referred to herein as ferritin iron (Bartzokis et al., 2007b ).
The current study tested the hypothesis that women who had hysterectomies before menopause will have higher brain iron levels in WM regions than women who did not have hysterectomies. The postulated underlying mechanism is that hysterectomy will lead to increased peripheral iron levels (Brett, 2005; Fleming et al., 2001; Howard et al., 2005; Whitfield et al., 2003) , which in turn may lead to increased brain iron levels.
Methods

Subjects
The data for regional brain iron for the subjects in this study were included in prior publications by our research group (Bartzokis et al., 2007b; Bartzokis et al., 2011) . Because the focus of the current study was on the effects of hysterectomy, the sample consisted of only post-menopausal female subjects; however, a group of matched male subjects (Table  1b) was included for comparison. Healthy adult volunteers that participated in the study were recruited from the community and hospital staff. Prior to study participation all subjects received written and oral information about the study and signed written informed consents approved by the local institutional review board. Potential subjects were excluded if they had a history of neurological disorder or a family history of AD or other neurodegenerative disorder. The subjects were excluded if they were obese, or if they had a current or prior serious illness, or a medical history of diabetes, cardiovascular disease, or difficult to control hypertension.
The women were divided into two subgroups based on whether or not they had a hysterectomy. This information was not available for a subset (n=14) of the women, which were not included in any of the analyzed subgroups. Of women with hysterectomies, only one reported being post-menopausal before the date of hysterectomy (seven years) and this subject was excluded from analyses. The final normal female population consisted of 39 subjects, ranging in age from 47 to 80 years (mean=66.2, SD=7.0) and their racial distribution was 27 (69%) Caucasian, 8 (21%) Asian, and 4 (10%) African-American. The normal male comparison population consisted of 54 subjects, ranging in age from 49 to 80 years (mean=66.2, SD=6.9) and their racial distribution was 40 (74%) Caucasian, 9 (17%) Asian, and 5 (9%) African-American.
All subjects were functioning independently and had no evidence of neurocognitive impairment on clinical interview. All of the 37 female subjects who were over the age of 55 were administered the Mini-Mental State Examination (MMSE) and their scores all fell in the normal range (between 27 and 30; mean=28.8, SD=1.0). Two female subjects were under the age of 55 and were not administered the MMSE. Of the males, 50 out of 51 subjects who were over the age of 55 were administered the MMSE and their scores all fell in the normal range (between 27 and 30; mean=28.4, SD=0.9). Four male subjects were not administered the MMSE: one was 74 years old, and three were not over age of 55.
Two subgroups were created from the 39 female subjects described above: subjects who had a hysterectomy (HYST+; n=15) and those who did not (HYST−; n=24). Table 1a presents demographic data for these two HYST groups. Education, race, MMSE scores, and exposure to estrogen replacement (HRT) did not differ between the two HYST groups (Table 1a ). The mean age at time of MRI scan did not differ between the groups. The HYST+ women had a hysterectomy on average 20.9 years prior to their MRI scan, at a mean age of 45.5 years. The HYST− women reported menopause an average of 16.4 years prior to their MRI scan, at a mean age of 49.6 years. The age at hysterectomy for the HYST+ group was 4.1 years less than the age at menopause for the HYST− group (p=.029). Thus, on average the women in the HYST− group continued to menstruate for 4.1 years longer than those in the HYST+ group.
MRI protocol
The methods have been described in detail elsewhere (Bartzokis et al., 1993; Bartzokis et al., 2004a) and will only be summarized here. The subjects were all scanned using two MR instruments operating at different field strengths (1.5 T and 0.5 T instruments), and the two scans were done within one hour of each other using the same imaging protocol. Coronal and sagittal pilot scans were first obtained to specify the location and spatial orientation of the head and the position of the axial image acquisition grid. The axial image acquisition sequence acquired interleaved contiguous slices using a Carr Purcell Meiboom Gill dual spin-echo sequence (2500/20,90/2, 3 mm slice thickness, 192 gradient steps, and 25 cm field of view). The coronal and sagittal pilot scans were used to determine the alignment and accuracy of head repositioning in the second MRI instrument. To consistently position the actual image slices identically within the brain and thus sample the same volume of tissue, the axial slice-select grid was adjusted so that the anterior commissure was contained within the same slice in both high and low field-strength instruments (Bartzokis et al., 1993) .
Image analysis
The same eight brain regions (three white matter and five gray matter regions) were analyzed as in our prior study (Bartzokis et al., 2007b) . Data for each region of interest (ROI) were obtained from contiguous pairs of slices (see Figure 1 ).
Transverse relaxation times (T2) were calculated for each voxel by an automated algorithm from the two signal intensities (TE = 20 & 90) of the dual spin-echo sequence to produce gray-scale encoded T2 maps of the brain (Bartzokis et al., 1993) . The T2 measures were extracted using an Apple Macintosh-configured image analysis workstation. T2 data for each of the ROIs were obtained from contiguous pairs of slices. The relaxation rate (R2) was calculated as the reciprocal of T2 × 1000 milliseconds/second. For all regions except the two midline structures (GMW and SWM), the measures from left and right hemispheres were averaged. The average R2 of the two slices were the final measures used in the subsequent analyses. The FDRI measure was calculated as the difference in R2 (high field R2 -low field R2). Test-retest reliability for FDRI measures was very high with intraclass correlation coefficients ranging from .88 to .99 (p < .0023) (Bartzokis et al., 1993) .
Data analysis
A multivariate analysis of covariance (MANOVA) was conducted on the FDRI measures in the three white matter regions: FWM, GWM, and SWM. The dependent variable was FDRI and the independent variable was hysterectomy. Age, education, MMSE, and racial composition did not differ significantly between the HYST groups (see Table 1a ). In this restricted age-span, age was also not significantly correlated with FDRI in any of the regions (p>.14) and was therefore not introduced as a covariate in subsequent analyses. Student's ttests (two-tailed) were then conducted to examine the contribution of HYST to the FDRI for each of the white matter regions separately. For completeness, the five gray matter regions were also assessed using the same approach (Table 2) .
Female HYST+ and HYST− groups were then compared to the male group using Student's t-tests (two-tailed) for each brain region.
Results
The MANOVA model indicated a significant effect of HYST on white matter brain iron (Wilks' Lambda=.786, F=3.18, df=35, p=0.036) . Student t-tests comparing the mean FDRI in each of the three white matter regions separately revealed significant group differences for FWM (t=−3.11, df=37, p=0.0036), with increased FDRI in the HYST+ group.
When corrected for multiple comparisons (Bonferroni) and multiplied by 3 (corresponding to the 3 regions analyzed), the p value in the frontal white matter region remained statistically significant (p=.01). The FDRI values were consistently elevated in the HYST+ group for all three regions, but the group comparisons did not reach statistical significance for the GWM and SWM. These results are summarized in Table 2 below.
When the analysis was repeated including age and race as covariates in addition to HYST status the results in Table 2 were not meaningfully changed and specifically, the FWM region group difference remained highly significant (p=.008).
In the HYST+ women, "years since hysterectomy" was not significantly correlated with FDRI in any of the regions (p>.13). Because of the confounding effect of age within "years since hysterectomy" (i.e. subjects with greater years since hysterectomy will tend to be older) we performed an additional analysis controlling for age, and found similar results: after controlling for age, "years since hysterectomy" was not significantly correlated with FDRI in any of the regions (p>.22).
FDRI was also elevated in the HYST+ group in all five GM regions, but the group comparisons did not reach statistical significance (Table 2) . Unlike the WM regions, results of MANOVA analysis to test for an overall Hysterectomy effect did not reach significance when combining the five GM regions: p=.39 (Wilks' Lambda=.859, F=1.08, df=33).
Comparisons between the two groups of women and the group of men are shown below in Table 3 and Figure 2. When the above analyses was repeated including age and race as covariates in addition to HYST status the results in Table 3 were not meaningfully changed; specifically, all gender differences remained significant (HYST− vs. HYST+: FWM p=.008; HYST− vs. Male: FWM p=.0005, C p=.016, T p=.0013), while in the HYST+ vs. Male comparison none of the differences were significant.
Discussion
The data suggest that women who had hysterectomies before menopause will likely have significantly higher FWM iron levels than women who did not (Table 2 and Figure 2 ). Brain iron levels were also numerically higher in the remaining seven regions among women who had a hysterectomy, although, given the small sample size, none of these differences achieved statistical significance. Women begin their post-menopausal years in a state of relative peripheral iron deficiency compared to men and their iron levels increase for the first 15-20 years after menopause without fully "catching up" to those in men (Whitfield et al., 2003) . Since peripheral iron levels can influence brain iron accumulation (Bartzokis et al., 2007b; House et al., 2010; Li et al., 2010) , these peripheral iron increases could manifest in the brain. Our results support the hypothesis that the premature cessation of menstruation through hysterectomy eliminated a source of iron loss in those women at an earlier age, leading to an earlier increase in brain iron than in women who did not have hysterectomies.
Comparing the two groups of women to men makes this contrast even more apparent, with HYST− women having lower ferritin iron than men in frontal lobe WM as well as two other regions, while HYST+ did not differ from men in any region (Table 3 and Figure 2 ).
The most striking hysterectomy-related differences as well as the most striking genderrelated differences in brain iron (Bartzokis et al., 2007b) were observed in FWM. In WM, oligodendrocytes represent the vast majority of cells (>85%, as observed in monkeys (Peters and Sethares, 2002) ). Age-related changes in ferritin iron levels in WM regions probably closely reflect changes in oligodendrocyte and myelin density, since the remaining tissue is composed primarily of axonal cytoplasm and astrocytes, both of which have very low ferritin and iron levels (Dwork, 1995; Erb et al., 1996; Hill and Switzer, 1984) . Oligodendrocytes, on the other hand, are enriched in iron (LeVine and Macklin, 1990) and have the highest iron and ferritin content of all brain cell types (Connor and Menzies, 1996; Dwork, 1995; Erb et al., 1996) . Oligodendrocytes are unique in their capacity to obtain iron directly through binding ferritin (Hulet et al., 2002) , and may be directly involved in brain iron regulation (Gerber and Connor, 1989) . A large portion (as much as 70%) of brain iron is associated with myelin (de los Monteros et al., 2000; Francois et al., 1981 ) that contains ferritin (Quintana et al., 2006) , and ferritin mRNA (Gould et al., 2000) is expressed at myelination onset (Sanyal et al., 1996) .
Of the three white matter regions examined, frontal lobe white matter myelinates last (continuing to myelinate into the late fifth decade of life) (Bartzokis et al., 2004a; Kemper, 1994; Meyer, 1981; Yakovlev and Lecours, 1967) and, at older ages, it is also most vulnerable to accelerated age-related myelin breakdown and loss (Bartzokis et al., 2004a; Marner et al., 2003) (reviewed in Bartzokis, 2011) . Myelination as well as the remyelination that occurs in the process of repairing broken-down myelin is triggered only when adequate iron amounts accumulate in oligodendrocytes (Sow et al., 2006) . Thus, the higher FWM ferritin iron in women that had hysterectomies suggests that regions actively engaged in repair of age-related myelin breakdown may be differentially acquiring the additional oligodendrocyte iron needed for such repair processes .
On the other hand, prevalent genes associated with increased peripheral iron levels may increase brain GM iron and risk of AD (Bartzokis et al., 2010; Lehmann et al., 2010) and elevated GM iron levels are observed in preclinical stages of AD Smith et al., 2010) . These studies suggest an accelerated trajectory of brain iron accumulation may be occurring in GM during the transition from healthy aging into preclinical stages and eventually dementia (Bartzokis, 2011) . We note that for the comparison of HYST+ vs. HYST− in the current study (Table 2 ) the effect size for caudate and thalamus ferritin iron was substantial (d'=.5) but did not reach significance due to our small sample size. As expected from our prior study comparing men and women, FWM, caudate, and thalamus differed significantly when HYST− women were compared to men. These differences were not evident in comparisons between HYST+ women and men (Table  3 ). This suggests that our previously reported gender differences in brain iron are likely underestimated since they included women with hysterectomies (Bartzokis et al., 2007b) .. Only larger prospective studies will be able to clarify whether the hysterectomy-associated increase in FWM ferritin iron we observed benefits the increasing need for myelin repair that occurs in old age or helps accelerate iron accumulation-related toxicity and emergence of degenerative disorders such as AD and PD. Animal studies suggest that brain iron undergoes substantial translocation between regions (Dwork et al., 1990; Dwork, 1995) . A reanalysis of our large cross-sectional sample (Bartzokis et al., 2007b ) using statistical path modeling supports this possibility and suggests that iron may be translocated from WM regions to subcortical and hippocampus regions (unpublished data).
Important limitations need to be considered before further interpretation of these data. First, women who undergo hysterectomy have been shown to differ from women in the general population (e.g. in socioeconomic status and in race) (Brett, 2005) , so caution should be used when extrapolating these results to the general population. Second, in cross-sectional studies, interpretation of age-related differences as "changes" or "cause and effect" must be made with caution, and confirmatory prospective studies are needed (Schaie et al., 2004) . Third, peripheral iron measures and detailed information on blood loss during life and other environmental influences such as iron supplementation and HRT that may affect brain iron could have influenced the results but were not available. Fourth, the large amount of time lapsed between menopause/hysterectomy and MRI scan may have mitigated against the detection of differences between the two groups of women. Fifth, we assessed a very limited number of white matter regions based on a priori hypothesis regarding late-myelinating FWM, however, based on these promising initial results, future assessments of additional WM regions are warranted. Finally, although reproducible and very highly correlated with post mortem iron levels (Bartzokis et al., 2007b) , the FDRI measure specifically quantifies ferritin iron load which may be only indirectly related to the amount of free iron or other transition metals that may be more directly associated with toxicity (Lavados et al., 2008; Rajendran et al., 2009 ).
Consistent with evidence that brain iron is responsive to peripheral iron status (Bartzokis et al., 2007b; Beard and Connor, 2003; Borten et al., 2004; House et al., 2010; Li et al., 2010; Pinero et al., 2000) , the hysterectomy-related differences in brain iron suggest that higher peripheral iron levels could in turn lead to increased brain iron levels. Thus, it seems possible to manipulate brain iron in specific at risk groups for therapeutic purposes . For example, age-related degenerative brain diseases such as AD can have increased brain iron levels even in preclinical stages Lavados et al., 2008; Smith et al., 2010) and elevated brain iron may lower the age of onset (Bartzokis et al., 2007a) , especially in men (Bartzokis et al., 2004b) . Since men have consistently higher peripheral iron levels than women (Whitfield et al., 2003) , reducing brain iron may help counteract the negative effects of aging in the brain, by reducing the iron available to catalyze free radical reactions (Smith et al., 1997 ) (reviewed in Bartzokis, 2011; Kell, 2009) .
Recently, there are indications that reducing body stores of iron, through pharmacologic means (Mandel et al., 2008; Zecca et al., 2008) or relatively simple actions such as phlebotomy (e.g. blood donation) (Engberink et al., 2008; Salonen et al., 1995) or exposure to natural iron-chelation substances such as curcumin (Jiao et al., 2006) or green tea (Srichairatanakool et al., 2006) , may have positive consequences on degenerative brain diseases. The advent of in vivo neuroimaging methods that can assess tissue ferritin iron deposits on a regional basis with high specificity provides the means to prospectively examine the impact of age-related changes in iron on trajectories of cognitive decline into neurodegenerative disease Lavados et al., 2008; Smith et al., 2010) . These methods could be used to measure iron accumulation as well as target emerging therapeutic interventions in high-risk groups identified by MRI, genetic, and clinical biomarkers, years before clinical manifestations of disease. Early intervention in higher-risk sub-groups may make it possible to increase effectiveness of treatments, decrease the need for later more aggressive approaches, and may identify heretofore unexplored opportunities for primary prevention of the exponentially increasing burden of age-related neurodegenerative diseases (Bartzokis, 2011) . C, D) . The TE20 has optimal contrast between GM (appears light gray) and WM (appears dark gray). The TE90 has optimal contrast between brain (appears gray) and CSF (appears white). Both TE20 and TE90 images are used to draw each ROI as this combination of slices maximizes contrast needed for accurate ROI definition. As an example, the use of both contrasts is depicted in the thalamus ROI that borders WM laterally and CSF medially and posteriorly (images A and B). Data for each region of interest (ROI) are obtained from contiguous pairs of slices. Only one hemisphere ROI is depicted on the figures although ROIs are measured bilaterally for all regions except for midline corpus callosum regions (GWM and SWM). A&B: Frontal lobe white matter (FWM): the second and third slices superior to the orbitofrontal gray matter are chosen. A standard circular ROI template is first positioned within the desired area. The ROI is then manually edited to exclude any unwanted gray matter (which appears hyperintense) or other hyperintensities. Genu (GWM): the two slices are chosen on which the angle formed by the left and right sides of the genu appears the most horizontal (linear). This results in a sample consistently in the middle of the structure, which contains primarily fibers connecting the prefrontal cortices. Splenium (SWM): the second and third lowest slices on which the fibers of the splenium connected in the midline are chosen. This results in a sample primarily in the lower half of the splenium, which contains predominantly primary sensory (visual) fibers. For the two corpus callosum regions (GWM and SWM), a standard rectangular ROI template is first positioned on the midline, and then the anterior and posterior borders are manually edited to exclude non-corpus callosum tissue. Lateral borders are defined by the dimensions of the rectangular template. Caudate nucleus (C): the third and fourth slices above the anterior commissure (not shown) are chosen. Thalamus (T): the second and third highest slices on which thalamus appears are chosen. The lateral border of the ROI is drawn along the white matter of the internal capsule using the TE20 image (A). The medial and posterior portions bordering CSF are defined using the TE90 image (B). C: Putamen (P) and globus pallidus (G): the slice containing the anterior commissure and the slice immediately superior to it (C) are chosen. D: Hippocampus (Hip): the slices containing the largest area of anterior hippocampus are chosen. The anterior Hip measure is limited posteriorly by drawing a horizontal line at the level of the cerebral peduncle to exclude any tissue posterior to that line. HYST−: female subjects who did not undergo hysterectomy.
The above table contains unadjusted means and standard deviations, except for Race and hormone replacement treatment (HRT) which present the frequency (number of subjects in each category). *
For Race: C = Caucasian; As = Asian; AA = African American. The above table contains unadjusted means and standard deviations, except for Race which presents the frequency (number of subjects in each category). * Race: C = Caucasian; As = Asian; AA = African American. d' = Cohen's effect size (Cohen, 1988) d' = Cohen's effect size (Cohen, 1988) .
